Durability analysis method for nonstationary random vibration by Fitch, Eric E
Durability Analysis Method for Nonstationary Random
Vibration
by
Eric E. Fitch
Submitted to the Department of Mechanical Engineering in partial fulfillment of
the requirements for the degrees of
BACHELOR OF SCIENCE AND
MASTER OF SCIENCE
IN MECHANICAL ENGINEERING
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
JUNE 1996
1996 Eric E. Fitch. All Rights Reserved.
The author hereby grants to MIT permission to reproduce afd to distribute pub-
licly paper and electronic copies of th'
A uthor .................................... ............. ..........
Department of Mechanical Engineering
May 10, 1996
Certified by ...........
Professor J. Kim Vandiver
Department of Ocean Engineering
Thesis Supervisor
Reader................................. .... ..... ...... ... ............. .... .... .................
Professor Frank Feng
Denartment nfterhanil-'1
-n;-a**.ring
Accepted by ........................................
M-ASSACHUSETTS INSTITU1i'E
OF TECHNOLOGY
.......... ..... A A . S nin
Chairman Graduate Committee
JUN 2 61996
LIBRARiES
Eng.

Durability Analysis Method for Nonstationary Random Vibration
by
Eric E. Fitch
Submitted to the Department of Mechanical Engineering on May
10, 1996, in partial fulfillment of the requirements for the degrees
of Bachelor of Science and Master of Science in Mechanical
Engineering.
Abstract
A standard CAE durability method used in the automotive industry generates reasonable
life predictions for stationary random vibration. However, when the method is applied to
the nonstationary random vibration experienced in proving ground vehicle tests, the qual-
ity of the predictions deteriorates. A new method has been proposed where transient exci-
tations are filtered out of nonstationary random vibration to produce one purely stationary
random vibration time history and one purely transient time history whose sum is the orig-
inal nonstationary time history. The two resultant loading histories can be used indepen-
dently to generate two stress histories. When superposed, the combined stress history can
be used to calculate fatigue life.
To validate the proposed method, strain and acceleration were measured for a steel bracket
during automotive proving ground durability route testing. The lives predicted through
applying the base acceleration to the current CAE method and proposed CAE method
were compared to the fatigue lives predicted based on the strain time history measure-
ments for various segments of the durability route.
The proposed method has been shown to generate better life predictions than the current
method for both repetitive shock (chuck hole segment) and periodic excitations (wash-
board segment). The added value of this method increases as the input excitation becomes
more nonstationary, especially when bogus spikes appear on the power spectral density of
the loading excitation at or near resonant frequencies of the structure.
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1.0 Introduction
1.1 Motivation
It has been shown that increased spending on CAE at the beginning of a product's life
actually decreases the cost of the product over its entire life cycle. One example is the
amount of resources saved if a product's durability can be validated through CAE rather
than the more costly approach of fabricating a prototype and subjecting it to bench testing.
In fact, this is one of the most underutilized applications of CAE: Determining whether a
product can meet a desired service life before the product is produced.
However, in order to be effective, a CAE procedure must correctly estimate fatigue
damage based on the field loadings (vibration, shock, humidity, thermal, magnetic, static,
etc.) that the component is subject to during its life. Hence, if an appropriate procedure is
not applied, this goal of CAE is not achieved. For this reason, it is imperative that methods
be developed that can correctly predict the fatigue damage during the life of a given
product.
This report examines the current method for CAE vibration fatigue life estimation of
automotive components and sights an assumption that can make the method erroneous.
An alternative method of analysis that eliminates this assumption is presented.
1.2 Current Fatigue Method
Figure 1.1 outlines a method that is currently used to determine the fatigue life of a
component subjected to vibration. A spectral analysis is performed to generate a Power
Spectral Density (PSD) of the measured field acceleration. This loading PSD is
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incorporated into a random vibration finite element analysis where PSD's of the stress at
critical locations of the component are produced. A time history is reconstructed from this
stress PSD and used to estimate the life of the component.
In the very first step of the test procedure an assumption raises concern. Vibration theory
is applied to the field vehicle loading to perform a random response analysis on the
component. However, this assumes that the vibration is stationary [1,2 ] when, in fact, the
proving ground field loading often has a stationary and a transient part superposed. This is
referred to as nonstationary random vibration. When random vibration theory is applied to
nonstationary random vibration, the subsequent PSD loses its meaning. The error is
propagated through the random vibration analysis of the component and the Monte Carlo
method which reconstructs an inaccurate time history resulting in an incorrect fatigue life
prediction.
1.3 Proposed Nonstationary Vibration Analysis Method
Unfortunately, there have been no known efforts to develop analyses using anything but
stationary random vibration. This study, as illustrated in Figure 1.2, pioneers the concept
of dissecting the nonstationary random vibration into its root components. It is the
contention of this study that such a method will improve the ability to predict a product's
life.
In the case that the loading applied to a component is stationary random vibration, the
current method of analysis is adequate. However, as the loading proves to be highly
nonstationary for some proving ground routes, the transient loading must somehow be
filtered out. The remaining stationary random portion of the signal can then be analyzed
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with the current method: A spectral analysis is applied to the stationary random time
history to develop an acceleration PSD. A vibration analysis must then be applied to the
component to generate an output stress PSD. An available Ford Automotive Components
Division (ACD) code, which implements the Monte Carlo method, uses the output PSD to
reconstruct the time history for the stationary part of the signal.
The transient portion that is filtered out might be a repetitive shock, such as a chuck hole,
a periodic disturbance, similar to a washboard, or some other form of loading described in
the time domain. This portion of the signal describes a transient load that must be applied
to a finite element model in order to generate the transient stress time history.
The two stress time histories are then combined and the result is used to generate a fatigue
life prediction.
1.4 Overview
Figure 1.3 outlines an intensive procedure that was devised to evaluate this proposed
method.
Strain gauges and accelerometers were mounted to a component and data was
simultaneously recorded while the vehicle traversed selected vehicle proving grounds
routes. Three portions of the data were cut to represent cobblestones, washboard and
chuck hole segments.
The strain-time histories measured with rosettes were converted directly into time domain
von Mises stresses and used as input to nSoft, a fatigue life prediction software package.
This method, referred to in this study as the bench test method, is a traditional approach to
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durability analysis that requires the fabrication of an actual part -- an expensive and time
consuming process that CAE durability analyses attempt to avoid. For this study, the
bench test method serves to judge the two CAE methods' abilities to predict the life of the
component.
The current method required a spectral analysis of the measured acceleration. The
resulting PSD's were used in the *RANDOM RESPONSE analysis method of ABAQUS
to simultaneously generate random vibration in the vertical, lateral, and longitudinal
directions. The finite element model of the component determined a PSD of the von Mises
stress at the elements which correspond to the strain gauge locations. These output stress
PSD's were input to an existing ACD code which uses the Mote Carlo method to
reconstruct a time history. The time histories were then used as input for nSoft to
determine the fatigue life of the component.
In order to implement the proposed method, the chuck hole and washboard segments first
had to be separated into their transient and stationary random components. The transient
portion was input to ABAQUS in the time domain and the von Mises stress history was
generated. A spectral analysis was applied to the random portion and the resulting PSD's
were used in the *RANDOM RESPONSE analysis method of ABAQUS. As with the
current method, ACD code reconstructed a stress time history from the resulting von
Mises stress PSD's. The two stress histories were superposed, and nSoft was applied to
this combined stress-time history to produce yet another fatigue life prediction.
Comparison of the predictions using the current method and the proposed method to the
prediction of the bench test method provide for a basis of evaluation.
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In the following chapters, a thorough description of the proposed test method will be
discussed. A chapter is included which details the test procedures for the bench test that
has been conducted. Chapter 7 concentrates on the comparison between lab results and
CAE results which serves to evaluate/validate the proposed method, and Chapter 8
summarizes what has been gained from this study.
2.0 Proving Ground Measurements and Bench Test Procedure
2.1 Data Acquisition
A preliminary forced vibration FEA was performed on the component in order to
determine appropriate locations for strain gauge placement. Four identical assemblies
were shipped to a strain gauge supplier with instructions as to which gauges to use and
where to apply them. A better description of how the locations were determined is offered
in section 3.5. Two of these components were used during proving grounds testing and
two were reserved for dynamic forced vibration testing.
Three triaxial accelerometers were also placed in the vehicle: Two at the mounting point
and one on the farthest point of the bracket from the mounting point. It was determined to
place two at the mounting point in order to detect any twisting that might occur. If only
one accelerometer was mounted, there would be no way to measure rotation about any
axis the accelerometer was coincident to. Based on the first mode of the component, the
two accelerometers were mounted so that rotation about the predicted axis could be
detected. Fortunately, the deviation between these two accelerometer measurements was
within the noise of the recording equipment so only one set of data was used in the
analysis. If the two measurements had been substantially different, two base accelerations
would have been applied to the model. The third accelerometer was placed at the far end
of the bracket in case field to model correlation was required. However, forced vibration
damping correlation, which is covered in the modeling chapter (Chapter 3), was
performed instead.
YL~----
The components were installed in the vehicle and a technician from ACD Test Operations
mounted the accelerometers, drove the vehicle around the circuit, and recorded the data.
All data was sampled at 1024 Hz, stored on optical disk, and labelled as to which route it
applied and whether it was a clockwise or counterclockwise cycle. The data was converted
into MTS - RPC III format so that it interfaced with required software. Samples of the
strain and acceleration measurements are shown in Figure 2.1.
2.2 Signal Editing
The bench test was performed using three different portions of the signal. Short segments
representing cobblestones, washboard, and chuck holes were isolated and stored in
different files. All strains and accelerations were edited simultaneously so that all
segments pertained to exactly the same time. Examples of these segments are shown in
Figure 2.2.
2.3 Determination of Fatigue Life
In order to determine fatigue life, the measured strains first had to be converted to stresses.
It was decided that von Mises stress should be used for all fatigue life predictions.
The rosette strains were first converted to major and minor principle stresses. The relation
between E1, e2 and e3 of a rosette and amaj,min is
E 1 + 13 13
(maj, min) 2 1 - v 1 3 2 1 3
(EQ 1)
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where the larger value is the major principle stress and the smaller is the minor principle
stress. The bracket material is steel with a Young's modulus of 206.8 GPa. Conversion
was made to principle stresses so that the shear component Cxy could be eliminated from
the conversion to von Mises effective stress, as shown in Equation 2.
1 2 2 a )2+ 6( 2y 2 + 2
e • ( x y y z z+( xy yz + zx
(EQ 2)
Assuming plane stress, this reduces to
1 2 2
effective - a-2y) + (a) 2 + (ax)2
(EQ 3)
when (and only when) a x and oy are principle stresses.
Equations 1 and 3 were applied to the measured strain to produce an effective stress for
each of the three segments and the resulting time histories were used as input to the time
domain module of nSoft. In this manner, the fatigue life at each of the three gauge
locations for each of the three loading segments was calculated. Table 2.1 lists the life
predictions generated by this bench test method.
TABLE 2.1 Bench Test Method Life Predictions in Years
Gauge Location 1 Gauge Location 2 Gauge Location 3
Cobblestone 1.21E15 2.90E12 1.53E4
Chuck hole 6.97E15 1.46E13 6.53E10
Washboard 1.99E13 2.41E5 3.84E3
3.0 CAE modeling
3.1 Part Description
In order to validate this proposed method, we chose to implement it on a part that was
readily accessible. We searched for a part in current production whose geometry and
material properties were well defined and attempted to avoid unnecessary nonlinearities
that could be encountered, such as rubber interfaces or loading beyond the material's yield
stress. The reasoning was that some of the nonlinearities themselves are not completely
understood and might introduce unwanted error. Simplicity was preferred since this study
was intended to validate only the proposed method, and not attempt to describe any other
phenomena that might occur during testing. Note that this is not in any way, shape, or
form an evaluation of the selected component. In fact, any component could have been
selected. This is a study of the testing method that we chose to evaluate using an actual
application. The component selected for this study was a steel bracket used in a current
model Ford vehicle. Figure 3.1 shows IGES line data which describes the component's
geometry.
3.2 Solid Modeling
The IGES file for the released part was transferred from a data collector and imported into
Pro/ENGINEER Release 14.0. The solid model that was constructed is shown in Figure
3.2. Pro/E has a tool that enables the user to compress the surfaces of a solid and generate
an IGES file that represents the midplane surface. This tool was used to generate the
surface shown in Figure 3.3 for use during mesh generation.



3.3 Finite Element Mesh
For meshing, the IGES file representing the midplane of the bracket generated by Pro/E
was imported to Patran P3 version 1.3. The mesh attempts to use six elements for each
ninety degree bend and is fine enough to allow for local stress concentrations. The module
that mounts to the bracket has been represented by a point mass and inertia which are
given in Ford ACD Technical Report 710-0423 [3]. The principle coordinate system was
generated with the transformation matrix described in the report and the principle mass
moments of inertia were created relative to this coordinate system. In each of the three
bolt holes where the module mounts, a pinwheel was created from the eight or ten nodes
that lie on the edge of the hole to a node at the center. These pinwheels are constructed of
rigid elements ABAQUS labels MPC's (Multi Point Constraints). The mass and inertia
point elements were also connected to the center nodes with MPC's. This makes the
centers of the bolt holes connected infinitely rigidly, which it is considered a valid
assumption as the module is very stiff in relation to the bracket so very little strain is
expected on the mounting interface. Patches of nodes surrounding the bolt holes used for
mounting the bracket to the vehicle were selected and constrained in all six degrees of
freedom. The size of the patches was somewhat arbitrary. If too many nodes were fixed
the model would be too rigid, and if too few were selected it would be too soft. A
compromise had to be made to make the part react as if it was bolted and constrained on
one surface but not the other. The alternative was to create a contact surface which would
force a nonlinear analysis method. Figure 3.4 is the final resolution of the mesh.

3.4 Accelerometer Frequency Response Testing
In order to validate the model, the modes below 200 Hz. were examined. Figure 3.5 is a
deformed plot of the first mode shape. The most significant displacements in each mode
were used to identify locations for triaxial accelerometers during frequency response
testing on a shaker table. Figure3.6 shows the mounting locations of these accelerometers.
A fixture was constructed for the bracket so that it could be mounted to an electro-
dynamic shaker table. The part was subjected to 0.2g, Ig, and 2g sinusoidal log-sweep
loading in lateral, longitudinal, and vertical orientation with respect to its position in the
vehicle. The frequency of excitation swept from 5 Hz. to 200 Hz. over 5 minutes, and the
three directions of response were recorded for each triaxial accelerometer.
The lab testing, as shown on Figure 3.7, indicated that the first mode occurs between 18.9
and 21.0 Hz while the model predicted 20.8 Hz. The second mode was measured to be
between 24.2 and 26.8 Hz, while the model predicted 26.3 Hz. Both of these predictions
indicate exceptional model correlation. The model predicts a frequency about 12% greater
for the third mode, predicting 44.3 Hz compared to 39.0 Hz. Comparison also indicates
that the model is about 12% stiffer for the fourth mode as well, predicting 74.8 Hz
compared to 66.5 Hz. Most measurements of the fifth mode indicate that it is near 145 Hz,
but some values indicate that it might be around 166 or 182 Hz. The model predicts 162
Hz. All indications are that this model modal correlation is very good. Section 3.9 shows
that the natural frequencies correlated even better to forced vibration strain measurements.
Since the useful measurement in this study was strain, the damping was varied to correlate
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the strain response amplitudes (Chapter 3.9). Hence, Figure 3.7 is based on damping that
was correlated to strain, not acceleration.
3.5 Strain Gauge Placement
Figure 3.8 is an example of the modeled stress contour plots that were examined to
determine appropriate locations for mounting strain gauges. Two rosettes were placed
where the model showed peak stresses and one in a large area of constant strain. One of
the gauges was bounded in size by stress gradient, surface edges, and a mounting screw
forcing the use of a small stacked rosette. Standard flat rosettes were deemed appropriate
for the other two locations. Drawings illustrating the exact placement of the gauges were
shipped along with four identical bracket and module assemblies to a strain gauge supplier
for gauge mounting. These drawings are displayed in Figure 3.9. A half bridge was also
mounted on the highest stressed bend, and data was recorded during static testing and
durability route testing. This half bridge data was not used during this study, but it has
been preserved for future studies.
3.6 Static Strain Gauge Testing
Two brackets were subjected to incremental loads using an ultimate tensile testing
machine and a 20 pound load cell. The force, displacement, and strain were recorded at
discreet increments. Similar loading was applied to the FE model at 5, 10, 15, and 20
pounds. As expected, the modelled response was linear, and the experimental results were
nearly linear.
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3.7 Static Strain Results Comparison
The strain gauge data was converted to principle microstrain with the relation
(major, minor) 2 1 3 + (E 1 3 ( 2 1 3
(EQ 4)
and plotted with the results from the FEA. Figure 3.10 illustrates that the model accurately
predicts the static strain measured at the three rosette locations. Table 3.1 compares the
measured and modelled results and lists the percent error associated with each location
and force increment.
TABLE 3.1 Modeled and Measured Static Strain Comparison
Bracket 1 Bracket 2 Bracket 1 Bracket2 Bracket 1 Bracket 2
Location 1 Location 1 Location 2 Location 2 Location 3 Location 3
Measured 4.66 5.76 12.35 12.24 21.81 22.03
Strain/Load
(Microstrain/
lb)
Modeled 4.35 4.35 11.66 11.66 22.34 22.34
Strain/Load
(Microstrain/
lb)
% Error 7% 24% 6% 5% 2% 1%
((measured-
calculated)/
measured)
3.8 Strain Gauge Frequency Response Testing
A bracket and module assembly with three rosettes and the half bridge was mounted to an
electro-dynamic shaker table and subjected to sinusoidal log-sweep vibration in three
axes. The vibration swept from 10 to 200 Hz in five minutes at a constant 0.25 g. The
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strain readings for each rosette (but not the half bridge) were monitored and recorded at
0.5 Hz increments.
3.9 Damping Correlation
The FEA model was subjected to forced vibration loading that simulated the test
conditions. 0.25 g was selected for correlation when it was found that higher magnitude
excitations caused the speed control module to contact the bracket. Modeled and measured
von Mises stresses were used for the correlation. Damping was applied individually to
each mode and adjusted to correlate the response at the critical rosette location (gauge
location #3). The excitation direction that induced the greatest strain response in each
mode was used. Data indicates that of the first five modes, the third is induced by a y-axis
excitation and the other four by an x axis excitation. Figure 3.11 compares the measured
and modeled responses. Notice that the natural frequencies of the first three modes are
very close for the modeled and measured stresses. The fourth and fifth natural frequencies
differ by about 15%. Table 3.2 displays the damping ratio determined for each mode as a
result of the iterative correlation process.
TABLE 3.2 Correlated Damping Values
Mode Damping Ratio
1 0.0158
2 0.0145
3 0.01625
4 0.019
5 0.015
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4.0 Digital Signal Processing
4.1 Acceleration Loading Description
The actual input loading that this component experiences during durability route testing
was gathered with two triaxial accelerometers mounted at the base. The process of
collecting the data is described in Chapter 2. The proving grounds route is a series of
many road surfaces, and three of them were used in this study. The first is a cobblestone
section which simulates the bed of a creek. Rocks whose diameters range from
approximately 4 to 12 inches have been randomly and closely imbedded in concrete. The
loading on the component from this segment, as shown in Figure 4.1, was initially thought
to be stationary random vibration (see Chapter 7.1). The current method of analysis and
the bench test method were completed using this segment of data to gain an understanding
of the relative error associated with the current method when applied to stationary random
vibration.
The second segment studied the nonstationarity associated with repetitive shock. For one
section of the proving grounds, chuck holes are simulated by steel recesses imbedded in
the concrete at regular intervals. They occur alternately on the left and on the right in
series of four for a total of two per side. Other obstacles separate the blocks of four chuck
holes from one another. A sample of the acceleration on the component for this segment is
shown in Figure 4.2.
The washboard segment is a long stretch of concrete formed like a washboard. It looks
like the "Alert Strips" found on the shoulders of some roads. The washboard segment
acceleration is shown in Figure 4.3.
rlh·I~L1I(·aeR-^ll---11~-·-·1~----·1
O OO
O ·
"
e
o
o
o
(6) u0!oloJaSUV*
r(
II ,
h
f
o lo
o lu
o ·
n ~
L)
IIO
U
(6) uo!loJag8•=Y
o o
So
o
o
(6) uo!0o10JOIS3
O C·
O OP "Y
n ·
u
ua u
"o
u
r
a
an r
r POQ4
r(
O
31
LI
u
a
r:
u
c
o
P
OO
)O
(s) uo!ojs)ltasy
__ I
-mPI~PII- -·--~~ 11~----·-·~--1~----------~--
o
O
n c
c~ o
o
o ·
o r
~
o u
a
(6) uo1oJalso:¥ (6) ao!lojelsaoo

4.2 Signal Processing of Chuck Hole Routes
Using the TIME HISTORY module of IDEAS software, one chuck hole event was
isolated. All acceleration and strain measurements were cut simultaneously so the
segments correspond with one another in time. Examination of the acceleration measured
at the two mounting points showed that the difference was within the noise of the
measurement equipment. Because of this, only one set of vertical, lateral and longitudinal
accelerations was used as input to the FEA model. Had the two signals varied
substantially, it would have suggested a rotation about an axis not common to the
mounting points and two sets of loading data would have been required for modeling. The
accelerometers were mounted so that rotation induced by the first mode would have been
detected.
It was suspected that the chuck hole event occurred at a low frequency compared to the
other excitations and an FFT of the accelerations showed high magnitude responses below
20 Hz. Stephen Bussa[1] confirmed that dynamic loads transmitted to the vehicle structure
through the spindle are limited to the 12 to 16 Hz range. The method this study used to
isolate the shock was to replace the values of the FFT below 20 Hz with 0. An IFFT of the
remainder produced what will be referred to as the random portion of the chuck hole
segment. Subtracting this signal from the original signal produced the transient portion.
Since random vibration does occur below 20Hz, this is not a perfect separation. However,
of the methods examined this yielded the most efficient results. Figure 4.4, which captures
the evolution of the chuck hole signal processing, shows that the chuck hole also induces a
1. Ford Motor Company Vehicle Durability Engineering, Advanced Vehicle Technology
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high frequency response through the body that is not removed by this frequency filter. An
area of future study could be developing a better method for isolating the shock
component from this data.
As the data was sampled at 1024Hz, there were far too many data points to use for a
transient FEA, so the PAIR REDUCTION function of IDEAS was used to reduce the
number of pairs. This final resolution of the chuck hole transient acceleration was applied
to the model with a transient FEA.
4.3 Signal Processing of Washboard Routes
The washboard segment of the test track has evenly spaced obstacles that the vehicle
traverses at a constant speed. Because of this, the loading was predicted to occur
periodically. A PSD of the acceleration confirmed this assumption as peaks were observed
at harmonics of 27.5 Hz.
Kalman order tracking seemed like an appropriate method for isolating the periodic input
and proved to be so as evident by figure 4.5 which shows the whole signal, the periodic
component and the random noise that remained after the Kalman filtering operation.
In order to perform the Kalman filtering operation, the IDEAS data was written to a
UNIVERSAL file and imported to LMS. Using the TMON Module, the exact frequencies
of the harmonic excitations were found and subtracted individually. The remaining signal
is considered stationary random vibration and was subtracted from the original signal to
produce the periodic component.
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5.0 Analysis Using Current Method
5.1 Spectral Analysis
The current method assumes all vibration into the system is stationary, so for each event
segment (i.e., chuck holes, cobblestones, washboards) a spectral analysis of the loading
was required. Using the SIGNAL PROCESSING module of IDEAS, the power spectral
density (PSD) was generated for the recorded vertical, lateral, and longitudinal
accelerations. The resolution was variable and selected as 4Hz. A Broad Hanning window
was used and the PSD was calculated using root mean square (RMS) values. There are so
many variables and methods that many different spectra can be generated for the same
data, but they all should have roughly the same RMS value so damage calculations should
be similar. This study chose standard techniques.
Figure 5.1 plots the PSD's that were used for the analyses.
5.2 Random Vibration Analysis
With the loading history known in the frequency domain, ABAQUS allows the user to
generate a random response with all 6 degrees of freedom, but only the three translational
accelerations were used for this study. The PSD's were input to the *Random Response
analysis, and the PSD of the von Mises stress at each strain gauge location was output to
an ascii file.
5.3 Time History Reconstruction
Available Ford ACD software reconstructed a time history from this PSD using the Monte
Carlo method. This time history was then converted to a binary file for interface with
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nSoft, the fatigue life prediction software. Figure 5.2 shows a variety of reconstructed
time histories using this method.
5.4 Time Domain Fatigue Life Prediction
With the reconstructed time histories as input, nSoft predicted the number of iterations to
failure. This number of repetitions was converted to years and the results are displayed in
Table 5.1, where location 3 is the critical point.
TABLE 5.1 Current CAE Method Life Predictions in Years
Gauge Location 1 Gauge Location 2 Gauge Location 3
Cobblestone 5.64E6 1.49E5 1.33E2
Chuck hole 2.84E13 6.55E 11 1.14E10
Washboard 9.04E1 8.56E0 1.90E-2
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6.0 Application of Proposed Method
6.1 Transient Analysis
Chapter 4 discusses the signal processing required to separate the transient from the
random excitation to the system. Figure 6.1 displays transient inputs, after the sampling
rate of the data pairs was reduced to capture the characteristic profiles, for the two
segments used with the proposed method. Each segment required three input
accelerations, one each for the vertical, lateral, and longitudinal direction. A modal linear
transient method was used to generate the output von Mises stress time histories at each
strain gauge location for both chuck hole and washboard segments. The frequency of the
output was adjusted so that stress peaks were not cut off.
For the washboard segment, the stress ramped for several cycles before a dynamic steady
state was reached. A portion from the dynamic steady state was extracted and used for the
remainder of the method. This was done since the stress history for the bench test was
extracted from a portion of the washboard segment where the component reached
dynamic steady state, and the CAE methods are intended to simulate the same loading
conditions.
6.2 Stationary Random Vibration Analysis
The stress history for the random portion of the signal was generated using the current
method. As described in Chapter 5, a PSD of the loading was applied to the base for the
vertical, lateral, and longitudinal directions. ABAQUS output a PSD of the von Mises
stress at each of the three elements which represent the strain gauge locations. These
PSD's were converted to stress time histories using Ford ACD code which implements the
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Monte Carlo method. Figures 6.2 through 6.4 show the evolution from a PSD of the
random loading to the stress PSD and finally the reconstructed time history for the
stationary random portion of the chuck hole segment.
6.3 Stress History Superpositioning
When reconstructing time histories based on a PSD, segments had to be longer than the
transient output segments to get a true representation of the random signal. An appropriate
length was selected by iteratively viewing the random signal and the frequency
distribution until a suitable length was achieved. A length equal to the next multiple of the
transient length was finally generated. For the 3.5 second transient chuck hole segment, a
10.5 second random time history was generated. Similarly, an 8 second random signal was
generated for the corresponding 0.8 second transient washboard time history. The files
containing the transient time histories were concatenated so that they were the same length
as the random signal.
Transient and random time histories were imported to nSoft where they were added to one
another. The resulting superposed stress histories, as shown in Figure 6.5, are intended to
represent the complete stress history for the corresponding applied loads.
6.4 Determination of Fatigue Life
With the combined stress histories already defined by nSoft in binary format, calculating
the life is a quick maneuver. Using the time domain life prediction module of nSoft, the
number of repeats to failure was calculated for each rosette location for both washboard
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and chuck hole segments. The numbers of repeats were converted to years, and the
resulting lives are displayed in Table 6.1.
TABLE 6.1 Proposed CAE Method Life Predictions in Years
Gauge Location 1 Gauge Location 2 Gauge Location 3
Chuck hole 3.56E14 8.76E12 1.28E10
Washboard 9.50E9 1.03E9 1.39E5
7.0 Validation of Proposed Method
7.1 Cobblestone Results
The cobblestone section of Hard Route was originally thought to be stationary random
excitation. It was hoped that the current method would be applied and generate a life
prediction close to the bench test prediction so that the current method could be validated
for stationary random vibration. Unfortunately, the predictions were not as good as
expected. The PSD of the loading in all three directions, shown in Figure 7.1, helped to
understand why the current method performed poorly. It is known that excitation
transmitted to the vehicle through the spindle only occurs between 12 and 16 Hz., but the
PSD's show a second major peak that spans the frequencies between 20 and 40 Hz. It was
concluded that the vehicle acts as a complex mass, spring, and dampener system, and the
natural frequency of the system at the bracket mounting location causes this second peak.
Hence, even though the loading to the spindle might be stationary random vibration, it is
likely to be nonstationary with a distinct resonance at the mounting point. Application of
the proposed method to the cobblestone segment would have been appropriate, but would
also have been redundant to the washboard study.
TABLE 7.1 Comparison of Fatigue Lives in Years for Cobblestone Segment
Current Bench
Gauge Location 1 5.64E6 1.21E15
Gauge Location 2 1.49E5 2.90E12
Gauge Location 3 1.33E2 1.53E4
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As a result, although still believed to yield good results, the current method was never
validated for purely stationary random vibration. The predictions using the current and
bench test methods are given in Table 7.1 and displayed in Figure 7.2.
7.2 Chuck Hole Results
Table 7.2 and Figure 7.3 display the predicted years to failure with the component
subjected to the chuck hole segment using all three life prediction methods. Both current
and proposed methods underpredict the life found by the bench test at each rosette
location. However, the proposed method predictions are consistently closer to the bench
test method predictions. This difference is attributed to the smearing effect that is often
associated with the PSD of a shock load. As Figure 7.3 uses a log scale in years, it is
possible to determine visually that both methods are predicting the same relative life as the
bench test method.
TABLE 7.2 Comparison of Fatigue Lives in Years for Chuck Hole Segment
Current Proposed Bench
Gauge Location 1 2.84E13 3.56E14 6.97E15
Gauge Location 2 6.55E11 8.76E12 1.46E13
Gauge Location 3 1.14E10 1.28E10 6.53E10
For the chuck hole segment, one question frequently arises: What is the relative
contribution of the random and transient portion to the total damage. A qualitative
estimate can be made by determining the life of the material when subjected to the random
and transient stress time histories generated by the proposed method. Table 7.3 lists the
calculated time to failure for each of these time histories as well as the calculated life for
the combined stress history. It is evident through the shorter lives that the random portion
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contributes more damage than the transient portion, but also through comparison to the
combined life that both random and transient stresses must be considered simultaneously
to generate a life prediction with significant value. It is important to note that this result is
TABLE 7.3 Relative Damage Comparison
Random Transient Combined Bench Test
Life (years) 9.72E15 5.64E15 1.28E10 8.53E10
specific to the loading conditions and cannot be generalized. For this proving ground
segment, the magnitude of the random excitation was similar to the magnitude of the
shock. However, as the relationship between stress magnitude and cycles to failure is
exponential, it is intuitive that the life of a different application which is subject to shocks
several times the magnitude of the random signal would depend less on the random
vibration and more on the shock. The converse is also true.
7.3 Washboard Results
Figure 7.4 clearly shows that the current method cannot accurately predict the life of this
component during the washboard segment, and the proposed method gives much more
reasonable estimates. For the critical failure point, the proposed method performs fairly
well while the current method induces a large error. For the other two rosette locations the
proposed method does not perform as well as it did for the chuck hole segment, but the
current method is much worse. This inaccuracy clearly demonstrates the weakness of the
vibration analysis approach to durability testing.
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Table 7.4 lists the values that are plotted in Figure 7.4. This information is so significant
that visual representation does not emphasize enough how poorly the current method
performs. The damage is grossly overestimated using this current method.
TABLE 7.4 Comparison of Fatigue Life for the Washboard Segment in Years
Current Proposed Bench
Gauge Location 1 9.04E1 9.5E9 1.99E13
Gauge Location 2 8.56E0 1.03E9 2.41E5
Gauge Location 3 1.9E-2 1.39E5 3.84E3
7.4 Error and Evaluation
A weakness of these results is the small damage induced by each segment studied. Since
the damage was so minor, small variations had large effects. The algorithm used to
calculate life uses an S-N curve that appears to be linear on a log-log scale. Minuscule
changes in stress near the fatigue limit (large number of cycles/low stress) result in
enormous changes in cycles to failure. For the segments used in this study, the amount of
damage that one stress cycle causes definitely approaches this fatigue limit.
The results of the cobblestone and washboard life predictions indicate that we cannot
always place confidence in the current CAE method. We observed that the PSD of the
excitation at the natural frequency of the body panel shows a large spike. The spike may
indicate a much higher magnitude of acceleration at that frequency, but it was actually
caused by a much higher number of occurrences at that frequency. This error is a result of
calculating a PSD with a nonstationary random signal. The calculation itself implements
random vibration theory which assumes the vibration is stationary. This erroneous spike
coincidentally occurred at the same frequency as the second mode of the model. The
current CAE method is actually an application of the following equation, where
PSDs,out(o) is the calculated stress PSD, T(o) is the stress transmissibility function and
PSDG,in(co) is the input acceleration PSD.
PSDS, out (o) = IT(wo)2 PSDG, in ( o)
(EQ 5)
The product of the input excitation PSD and the square of the stress transmissibility
function generate the PSD of the output stress. When a spike on the excitation PSD and
the transmissibility function (spikes will occur at each natural mode) occur at the same
frequency, the PSD of the output stress will have a greatly magnified spike. In the case of
the washboard and cobblestone segments, this just happened to occur at a bogus spike for
the input PSD, which results in artificial damage during the life calculation.
8.0 Conclusions and Recommendations
8.1 Findings
For stationary random vibration, it is still believed but not proven that the current CAE
method generates relatively accurate life predictions. However, when applied to
nonstationary proving ground durability routes, the quality of the current method's
predictions deteriorates.
A method has been proposed where the transient excitations are filtered out of the
nonstationary random vibration to produce one purely stationary random vibration time
history and one purely transient time history whose sum is the original nonstationary time
history. The two resultant stress histories can be used independently to generate two stress
histories. When superposed, the combined stress history can be used to calculate fatigue
lives.
This method has been proven more accurate than the current method for both a repetitive
shock event and a periodic excitation.
The added value of this method increases as the input excitation becomes more
nonstationary, especially when bogus spikes appear on the PSD of this excitation at or
near spikes in the stress transmissibility of the structure whose life is being predicted.
This study indicates that for nonstationary random vibration, this proposed method may
be used as a standard practice of estimating the fatigue life of any given component
subjected to proving ground testing. Failure to do so assumes the risk of obtaining
meaningless life predictions due to the meaningless PSD calculation associated with
nonstationary random vibration.
8.2 Topics of Further Study
8.2.1 Model Damping Correlation
Dynamic model correlation is an issue that was encountered during this study. When a
model is made for an existing structure, damping can be adjusted for each mode so that the
model behaves exactly like the component when subjected to dynamic excitations. Two
such methods are posed. Both involve subjecting the component to a forced vibration sine
sweep in the lab. One correlation method is to measure the acceleration at critical points
and compare the values to accelerations predicted by the model. The other is to perform
the same test while measuring strain at other critical points and comparing these values to
the modeled predictions.
Both strain and acceleration were measured while this study progressed so that the topic
could be investigated further at a later time. Chapter 3.9 explains how the forced vibration
strain results were used to correlate the damping in this study, but acceleration correlation
was not investigated.
One study might be the difference in damping ratios associated with each method.
Accelerometers are reusable and easier to gather sine sweep data with in the lab, but strain
is usually the most valuable to correlate for. Maybe a relation exists so that damping can
be correlated to acceleration then adjusted for strain?
Other work relates to the damping as a function of the magnitude of excitation and the
torque at the mounts of bolted structures. Studies like this will help to give confidence to
modeled results.
8.2.2 Nonlinear Analyses
This study attempted to avoid non-linearities that could easily be encountered while
performing durability analyses. For instance, contact surfaces, non-linear material
definitions, and rubber interfaces all create non-linear phenomenon that would have to be
modeled by means not discussed in this study. Material non-linearity is especially
important for accelerated vibration testing. These are all topics that merit research in order
to develop an understanding of the capabilities of current modeling techniques.
8.2.3 Product Variability
Too often production parts do not meet the specifications of design. In this study, we
measured the thickness of the bracket, and that thickness varied 8% from the dimension
called for in the drawing. Other geometric intolerances are common. Material
specifications are also very general and do not necessarily provide the information
necessary to produce accurate life predictions.
There is little one can do from a CAE standpoint to control these design and
manufacturing discrepancies, but at least, they should be measured when available The
data obtained from an actual part measurement is believed to be better than what is found
on paper.
9.0 Guideline to Implement Proposed Analysis Method
9.1 CAE modeling
The base of the entire CAE durability approach is to correctly predict a stress/strain-time
history by using a Finite Element Model (FEM). If a model is not constructed that behaves
similarly to an actual manufactured part, no method will produce valuable durability
information.
Every analyst has a different approach to constructing an FEM, but hopefully the end
result is somewhat similar. The geometry of the part that is being modeled should be
replicated as exact as possible. For this study, the bracket was solid modeled with Pro/E
using the IGES lines that design engineers produced to define the part to the manufacturer.
In theory (but not always in practice) the geometric parameters of the production parts
should fall within the tolerances of this drawing.
The solid model was created in order to take advantage of a Pro/E routine that compresses
the outer surface in order to define a midplane. This midplane is the best geometry to use
for constructing a two-dimensional model.
If a prototype or production part is available, static and dynamic response tests can be
performed to ensure that the model behaves similarly. In the event that it does not,
refinements should be made as appropriate until the model does correlate with the lab
data.
9.2 Signal Separation
There are many forms of nonstationary random vibration. The proving ground vehicle test
data encountered in this study had the form of a repetitive shock or harmonic component
combined with other stationary random vibration. The premise of the proposed method is
to separate these two components and use them to generate two respective stress histories.
Without doubt, there are numerous methods that could be implemented to separate the two
excitation components. Different methods will be better suited for different types of
transients. It is recommended to perform various methods on the same data and use the
approach that yields the best results. The methods used in this study are not even
necessarily the best for the signals used, as it likely that not all possible methods were
attempted. However, of the approaches investigated, the ones most conducive to the
repetitive shock and periodic component are described in the next two sections.
9.2.1 Shock
For the chuck hole segment, the primary shock component occurred when the wheel
directly under the bracket traversed one of the obstacles. Secondary shock components
appear when other wheels encounter obstacles.
Filtering of the primary component is an easy task as the frequency content transmitted by
the spindle is known to fall below 20 Hz. With IDEAS, an FFT of the signal was
generated and all measurements below 20 Hz were replaced with 0. An inverse FFT of
this edited signal generated what was used as the random portion. The transient signal was
generated through subtracting the random portion from the original signal.
This method did not perfectly separate the two signals. Naturally there is some random
content below 20 Hz, but it was removed and included with the transient signal. In
addition, the secondary transient was not removed because it was manifested as a very
high frequency excitation. Removal of this portion simply through a frequency filter also
removes a large content of the random signal because they are both concentrated around
the same frequency. However, of the methods attempted, this seemed to be the most
efficient. It removed the primary shock in all three excitation directions.
Other methods included different frequency filtering techniques and working in the time
domain to remove the shocks. Some methods were more cumbersome, and some were
only effective in one or two excitation directions.
While better methods probably exist, the method used generated reasonable results. If it
had not, an alternate method would have been used.
9.2.2 Periodic
Kalman filtering is often used to track periodic components of a signal with high slew
rates. An example would be the force on the rear main bearing while an engine is
accelerating if the flywheel has a dynamic imbalance. If the rotational velocity of the
engine is known at all times, the periodic contribution of the imbalance can be filtered out.
For our purposes the slew rate was 0 since the vehicle was assumed to travel at a constant
velocity. In this manner, the Kalman filter becomes a time domain tracking filter that can
isolate periodic excitations like those caused by the washboard segment of Hard Route.
Since Kalman filtering is a tool available with the LMS software package, the washboard
acceleration segments had to be converted to this format. This was done by first exporting
them from IDEAS as UNIVERSAL files then importing them to LMS. LMS actually has a
module that reads MTS RPC III format, but it is riddled with bugs that prevent successful
transfer of the data. Transferring from IDEAS to LMS is not a difficult task, however, and
would be recommended even if the module worked properly. This is because the strain
data has to be cut at the same time as the acceleration data anyway, and it is easier to do
this with IDEAS. Further, for this study, the strain needed to be converted to effective
stress and it is not possible to use the equations necessary for this operation in LMS. The
math module only allows for a limited number of characters which is less than the number
required to fit the entire conversion equation.
With the acceleration data successfully imported to LMS, the next task was to determine
at what frequencies these periodic components occur. In the TMON module, a 3D Spectral
Analysis showed spikes at intervals of 27.5 Hz. Subsequently, Kalman order tracking was
performed at 27.5, 55, 82.5, 110, and 137.5 Hz. A confidence factor can be input which
effectively determines how closely the algorithm should track to the frequencies selected.
The default value is 200 and this seemed to work well for all cases.
Each iteration generated just the periodic component that creates the bogus spike in the
PSD at each frequency level. Each of these spikes had to be subtracted from the original
signal to produce the stationary random signal. Finally, the stationary random signal was
subtracted from the original signal to generate the composite periodic signal. This could
also have been done by adding all of the periodic parts that were generated by the Kalman
filtering operation, but the single subtraction is easier than five additions. The resulting
acceleration histories were exported from LMS to UNIVERSAL file format and imported
into IDEAS.
9.3 Transient Analysis
The analysis software package used in this study is ABAQUS, but with proper vocabulary
adjustments, this can be applied to any FEA code.
At this point, the transient chuck hole and washboard accelerations are IDEAS functions.
However, they are still sampled at 1024 Hz., the sample rate of the field data acquisition
equipment. This is too many points to use for the transient analysis, so the Pair Reduction
option was applied to the six signals (chuck hole plus washboard times vertical, lateral,
and longitudinal directions). One parameter that this calls for is the percent of data to
keep. I found that 20% worked pretty well but this does not keep one of every 5 points as
20% would indicate; it actually reduced the data to points at the major loci of the signals. I
suggest altering the parameter until an acceptable reduction is generated. Plots of the
accelerations used for the inputs can be found in sections 4.2 and 4.3.
The reduced pairs were exported as spreadsheet text so that they could be altered using the
unix vi editor. The data points were manipulated so that they were in the form of the
*AMPLITUDE card that ABAQUS uses. One input deck used the three chuck hole
accelerations and the other used the three washboard accelerations.
I did not create the whole input deck; most of it was generated by PATRAN. One
limitation of PATRAN is that it can only write one base motion while this method requires
three. The solution was to generate an input deck with an arbitrary amplitude and read in
the files containing the amplitudes that defined the appropriate accelerations. There were a
few other minor additions that were included to allow for all three *AMPLITUDE cards.
The runs required about 40 minutes real time. Upon completion, PATRAN was used to
recall the von Mises stress histories at the elements corresponding to the gauge locations.
These files were output in an ascii format.
The periodic washboard signal was originally too short. The analysis ended just as the part
reached dynamic steady state. I had to select a longer transient signal to use as an input.
The ramp time was eventually cut out of the transient response.
9.4 Stationary Random Vibration Analysis
The stationary analysis was very similar to the transient analysis. Again, PATRAN can
only define one base motion, so a Random Response input deck was created as a template
with an arbitrary PSD defined. The actual *PSD cards were generated through using the
SIGNAL PROCESSING module of IDEAS, exporting the data as spreadsheet text, and
modifying the format with the unix vi editor. The corresponding vertical, lateral, and
longitudinal PSD's were applied to the base via the part's coordinate system degrees of
freedom. The runs lasted about 30 minutes real time. When they were finished, PATRAN
was used to read the results and export them in ascii format.
The useful output from the Random Response analysis is a PSD of the von Mises stress at
the points of interest. An existing Ford ACD code is designed to read the PATRAN
formatted output and reconstruct a time history using the Monte Carlo method. The result
of this stationary analysis process is a time domain von Mises stress history representing
the stationary random vibration into the system for each critical element.
9.5 Stress History Superpositioning
Any number of software packages could have been used to add the random and transient
signals, but since the combined stress history would eventually have to interface with
nSoft to calculate the life predictions, nSoft was also used for the superposition process.
Initially the time histories were converted to binary format from ascii with one of the
nSoft modules. Then, using another module, the two time histories were added together.
This is a very quick process that takes just a couple minutes.
9.6 Fatigue Life Determination
Generating fatigue lives is also an easy task once the stress histories have been combined.
SLF is another module of the NSOFT software which prompts the user for parameters
used in calculating the life, including the input stress history. A database of material
properties is available that interfaces with the software so that the user can scroll through
and choose from previously defined materials. Existing materials can be modified and new
materials can be created if the appropriate fatigue characteristics are known. For all of
these studies, the same material was used: SAE 1006-85A-HR. This might not even be the
same material as the bracket, but the actual material had no relevance to the study. This
was a test of the method, not the bracket, so any material properties were acceptable as
long as they were used throughout the study.
Once the parameters are defined, the SLF module of nSoft predicts the life of the
component in number of cycles of the input stress history to failure. The parameters do not
have to be defined each time, either. A new loading environment can be defined and the
life recalculated. The loading environment is just another way of stating "input file."
The number of cycles to failure should be converted to a convenient measurable index
such as seconds or years. In this study, the cycle times were 10.5 seconds and 8 seconds
for the chuck hole and washboard segments respectively. Since the number of cycles was
so large, a conversion was made to years.
9.7 Software
To use this method, knowledge of the operation of a pre- and post-processor as well as a
solver is essential. The use of various digital signal processing tools is also required. The
ones used in this study are not the only ones available, but they are well known and
powerful packages.
IDEAS has so many options, operations, and parameters that it is very difficult to adjust
to. However, after extended use the locations of the tool boxes becomes intuitive, even if
you have never used the tool. LMS is not as intuitive and has too many bugs. I would have
preferred not to use LMS, but the need of a Kalman filtering tool made it necessary. LMS
is a good package to work with two or three signals, but for a project like this where up to
100 signals were active at one time, LMS was too cumbersome.
nSoft is very simple to understand. No training is necessary to use this software.
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